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We measure higher partial wave Feshbach resonances in an ultracold mixture of fermionic 6Li
and bosonic 133Cs by magnetic field dependent atom-loss spectroscopy. For the p-wave Feshbach
resonances we observe triplet structures corresponding to different projections of the pair rotation
angular momentum onto the external magnetic field axis. We attribute the splittings to the spin-spin
and spin-rotation couplings by modelling the observation using a full coupled-channel calculation.
Comparison with an oversimplified model, estimating the spin-rotation coupling by describing the
weakly bound close-channel molecular state with the perturbative multipole expansion, reveals the
significant contribution of the molecular wavefunction at short internuclear distances. Our find-
ings highlight the potential of Feshbach resonances in providing precise information on short- and
intermediate-range molecular couplings and wavefunctions. The observed d-wave Feshbach reso-
nances allow us to refine the LiCs singlet and triplet ground-state molecular potential curves at
large internuclear separations.
I. INTRODUCTION
In the field of ultracold quantum gases, tunable inter-
actions via magnetic Feshbach resonances (FRs) are a
versatile tool to study of few- and many-body physics,
e.g. ultracold molecules [1], Efimov physics [2], and
the Bardeen-Cooper-Schrieffer (BCS) superfluid (SF) to
Bose-Einstein condensate (BEC) crossover regime [3].
While these studies involved pairwise interaction in the
s-wave channel, interactions at finite rotational angular
momentum are predicted to lead to intriguing effects such
as p-wave superfluidity (SF) in liquid 3He [4], d-wave
high-TC superconductivity [5], and super-Efimov effect
in two-dimensional p-wave Fermi gases [6]. p-wave SF
may be realized in spin-polarized fermionic atoms inter-
acting via p-wave FRs [7–9], where the observed splitting
into ml = 0 and ml = ±1 components [10] can give rise
to a phase transition between a topologically trivial and
non-trivial SF phase [11, 12]. However, observation of
p-wave SF in these systems remains elusive due to the
short lifetime of p-wave Feshbach molecules [13]. Re-
cently, broad d-wave resonances, which are promising for
realizing d-wave SF pairing, have been observed in Refs.
[14, 15].
For high partial-wave (l > 0) FRs, anisotropic inter-
actions in the closed channel lift the degeneracy among
different projections ml of l in the lab frame and result
in anisotropic scattering processes. This anisotropy can
be controlled via tuning the external magnetic fields,
which manifests itself as a multiplet structure in the
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observed FR. One well-known example is the effective
spin-spin (ss) interaction [10], arising from both the di-
rect magnetic dipole-dipole interaction (mDDI) and the
second-order spin-orbit (so) coupling, which splits a l-
wave FR into l+ 1 resonance positions corresponding to
|ml| = 0, 1, . . . , l. The ss splitting has been observed in
p- [10, 16–20] and d-wave FRs [14] and predicted to give
rise to a phase transition between polar (px) and axial
(px + ipy) SF phases near p-wave FRs in spin-polarized
degenerate Fermi gases [11, 12].
In this work we extend our previous high-precision
study of 6Li-133Cs s-wave FRs [21] to higher partial
waves. We observe p- and d-wave FRs in an ultracold
mixture of 6Li and 133Cs via high-precision atom-loss
spectroscopy and provide a theoretical description with
a full coupled-channel (cc) calculation.
As we recently demonstrated in Ref. [22], instead of
the well-known doublet structures in p-wave FRs due
to the effective spin-spin (ss) interaction [10], a split-
ting into triplet structures corresponding to three projec-
tionsml = −1, 0,+1 of the rotational angular momentum
l = 1 was observed. Such splittings were previously only
studied at fairly low fields [23], where the manifold of
the pair rotation l = 1 is almost degenerate and the non-
diagonal terms of the ss interaction result in the splitting.
The present observation at high fields provides a full con-
trol over the angular momentum l and its projection ml
in the scattering process by the external magnetic field.
We attribute the observed splitting between ml = +1
and ml = −1 components to the electronic spin-rotation
(sr) coupling, which is known from molecular spec-
troscopy of Σ-states with non-zero electronic spin S [24–
27]. This coupling takes the following form in a diatomic
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22S+1Σ molecular state (S 6= 0)
Hsr =
γ
2µR2
S ·N ≡ γ B(R)S ·N (1)
(see, e.g., Ref. [28]), where µ stands for the reduced
mass of the atomic pair, R the internuclear distance,
B(R) = 1/2µR2 the rotational variable, and N the total
angular momentum excluding the spin, i.e. the rotational
angular momentum in Σ states. In the following we re-
fer to the pair rotational angular momentum with N and
use the atomic units. The dimensionless sr coupling con-
stant γ contains two main contributions γ = γ(1) + γ(2):
The first-order effect γ(1) arises from the direct coupling
between the electron spins and the magnetic field pro-
duced by the rotating charges [25] and the second-order
effect γ(2) accounts for a combined perturbation of the so
and orbit-rotation interaction [26]. Simple estimations of
both terms using the fact that the molecular states caus-
ing FRs are weakly bound deviate from the experimental
observation, indicating significant contributions at short
range.
Adding the accurate determination of Li-Cs d-wave
FRs also observed in our experiments gives access to
the rotational ladder of N = 0, 1, 2 states of the least
bound vibrational state and allows us to improve the
long-range description of the ground-state molecular po-
tential curves.
This paper is structured as follows: In Sec. II we de-
scribe the atom-loss Feshbach spectroscopy on the p- and
d-wave FRs. To understand the observed triplet split-
tings in p-wave FRs we estimate the sr coupling con-
stant at large internuclear distance using a simple model
in Sec. III. The cc calculation is described and the re-
fined molecular potentials are presented in Sec. IV. We
conclude the paper in Sec. V.
II. ATOM-LOSS FESHBACH SPECTROSCOPY
Our experimental procedure for producing an ultracold
mixture of Li and Cs is described in Refs. [21, 22, 29] .
In the end, a mixture of 5× 104 (3× 104) Cs and 3× 104
(3×104) Li atoms at 430 nK (300 nK) is prepared for the
p-wave (d-wave) measurements. Feshbach spectroscopy
is performed by measuring the remaining fraction of Li
and Cs atoms after optimized holding times in the trap,
ranging from 400 ms (strong p-waves) up to 10 s (d-wave
and one weak p-wave resonances), as a function of the
magnetic field. We calibrate the magnetic fields by radio-
frequency spectroscopy of the nuclear spin-flip transition
between the Li |1/2, 1/2〉 and |1/2,−1/2〉 state. The
Breit-Rabi formula is used to obtain the magnetic field
strength. Its total uncertainty is derived to be 16 mG,
caused by long-term drifts, residual field curvature along
the long axis of the cigar-shaped trap, and calibration
uncertainties.
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Figure 1. Li-Cs p-wave FRs in the Li|1/2, 1/2〉⊕ Cs|3, 3〉
(open symbols) and Li|1/2,−1/2〉⊕ Cs|3, 3〉 (filled symbols)
channels observed in the remaining fraction of Cs (squares,
left column) and Li (circles, right column) atoms. Each row
corresponds to one resonance and triplet (doublet) structures
are observed in p-wave FRs close to 658 G, 663 G, and 709 G
(714 G and 764 G) after holding times of 10 s, 0.5 s, and 1 s
(5 s and 5 s), respectively. The solid lines are fits of multi-
peak Gaussian functions. The fitted resonance positions BemN
are listed in Table I.
A. p-wave resonances
We remeasure the five p-wave Feshbach resonances
(FRs) reported previously in Ref. [18] with a higher
magnetic-field resolution and lower sample temperature
and all the loss spectrum after optimal holding times are
shown in Fig. 1 with the loss features of both Cs and Li
atoms. Triplet (Doublet) structures are observed for the
resonances near 658 G, 663 G, and 709 G (714 G and
764 G). Multi-peak Gaussian functions are used to ex-
tract out the resonance positions BemN and widths σmN
and the former are listed in Table I (see also [22]). We
note that the loss rate close to the 658-G resonance are
so small that very shallow loss features are seen only with
Cs atoms even after a 10-s holding time.
We have also studied the dependence of the loss fea-
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Figure 2. Temperature dependence of the loss features near
the 663-G p-wave FR. (a) The loss spectra measured at differ-
ent temperatures. The remaining fraction of Cs atoms after
a holding time of 0.2 s is shown as a function of the external
magnetic field, where each point is an average of at least 4
experimental runs and the error bars indicate the standard
deviations. The spectra are shifted vertically for visibility.
Solid curves are fits of triple-Gaussian functions to extract
the resonance positions BemN and loss widths σmN . (b) B
e
0
(black squares) and σ0 (red squares) at different tempera-
tures. Error bars come from the fitting in (a). Solid lines
are fits of linear functions and Be0 is referenced to the fitted
zero-temperature limit. (c) δesr = |Be+1 − Be−1| at different
temperatures. Error bars come from the fitting in (a) and the
dashed line is a fit of a linear function. (See the main text for
detailed discussions.)
tures on the cloud temperature near the 663-G resonance
by recording the loss spectra at varying trap depths, as
shown in Fig. 2(a). With increasing temperatures we
observe shifts of the resonance positions towards higher
magnetic fields and broadening of the loss peaks as ex-
pected for p-wave FRs [10]. At a temperature of 840nK
the splitting between mN = +1 and mN = −1 compo-
nents becomes unresolved as can be seen in Fig. 2(a).
In Fig. 2(b) the resonance positions Be0 and loss widths
σ0 are plotted versus the temperature T . Similar to Ref.
[30], the data is to the lowest order approximated by lin-
ear functions, which yield a slope of 28(3) mG/µK for the
resonance shift and 33(4) mG/µK for the loss width with
a zero-temperature limit of 13(2) mG. The temperature-
induced resonance shifts for two- and three-body loss
processes are about 2.5kbT/δµ ≈ T × 17 mG/µK and
kbT/δµ ≈ T × 7 mG/µK [30], respectively, with δµ ≈
h×3 kHz/mG the differential magnetic moment between
the bound molecular and free-atom states for the 663-G
resonance. They are both considerably smaller than the
fitted slope in Fig. 2(b). One possible explanation for
this discrepancy is a differential AC stark Shift between
the molecular state and the free-atom state coming from
the trapping light [31, 32]. The understanding of the loss
width is more involved [30] and beyond the scope of this
work.
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Figure 3. Li-Cs d-wave FRs in the Li|1/2, 1/2〉⊕ Cs|3, 3〉
(open symbols) and Li|1/2,−1/2〉⊕ Cs|3, 3〉 (filled symbols)
channels observed in the remaining fraction of Cs (squares)
and Li (circles) atoms. Three d-wave FRs are observed close
to 341.9 G, 388.6 G, and 426.1 G after holding time of 5 s,
5 s, and 8 s, respectively. The magnetic fields are randomly
sampled and we reduce the field step size from 8 mG to 2 mG
around the loss features. The solid lines are fits of single-peak
Gaussian functions.
Interestingly, in Fig. 2(c) we observe a temperature-
dependent splitting between mN = +1 and mN = −1
components (δesr = |Be+1 − Be−1|) and a linear fit yields
a slope of 10(1) mG/µK and a zero-temperature limit
of 18(1) mG. This temperature dependence might in-
dicate that the loss mechanisms for the mN = +1
and mN = −1 components are different, i.e., the dif-
ference between the slopes of the temperature-induced
shifts of the two- and three-body loss maximums is about
1.5kbT/δµ ≈ 10.5 mG/µK [30]. Such an observation im-
plies the importance of using the experimentally mea-
sured temperatures when modeling the p-wave FRs the-
oretically.
B. d-wave resonances
To solve a systematic shift between the experimental
observations of p-wave FR positions and their theoretical
description with the molecular potential curves of [21],
we measure the d-wave Li-Cs FRs occurring in the two
lowest-energy open channels in the field range of 340 G
to 430 G. Instead of the predicted five resonances (see
Table I) we find three of them a couple of hundred mG
away from the initial predictions, as shown in Fig. 3. No
splitting is expected for the observed d-wave FRs since
the entrance channel is s-wave. The loss features are
fitted to single-peak Gaussian functions to extract out
the resonance positions, which are listed in Table I.
In the region around the two unobserved resonances
we measure Li-Cs loss rates of ≤ 0.02 s−1, which are
about a factor of five smaller than those at the reso-
4Figure 4. Schematic drawing for the simple model. The origin
of the coordinate system is at the center of mass (CM ) of
the atom pair and the z axis is along the internuclear axis.
Each atom is composed of an ionic core at ~rβ = (0, 0, zβ)
and a valence electron at ~ri = (xi, yi, zi), with β = Li,Cs
and i = 1, 2. The vector from the ionic core β to the valence
electron i is ~riβ = ~ri−~rβ = (xi, yi, zi−zβ). θLi (θCs) is defined
as the angle from z axis to the vector ~r2Li (~r1Cs).
nance positions of the observed ones. This observation
agrees with the calculated collision rates around the res-
onances. However, the atomic loss signal is dominated
by the CsCsCs three-body recombination loss rates of
approx. 0.15 s−1 in this magnetic field range. In addi-
tion, close to the predicted Li-Cs d-wave FR at 357.92 G
we find a Cs-Cs g-wave FR [33], which we determined
to be at 358.12(5) G, leading to enhanced Cs three-body
recombination.
III. A SIMPLE MODEL
The observed 20 mG splitting between mN = +1
and mN = −1 components of p-wave resonances cor-
responds to an energy splitting about 60 kHz (B ∼
288 MHz), which is small compared to the ss interaction
(∼ 600 kHz). To model this additional splitting arising
from spin-rotation coupling, we consider the following
simplified model of the Feshbach dimer: As illustrated
in Fig. 4, each atom is composed of an ionic core and a
single valence electron and the pair separated by a dis-
tance R is bound via the static Coulomb interactions. To
lowest order, the pair wavefunction (WF) can be approx-
imated by the direct product of the atomic WFs of the
lithium atom and the cesium atom |Φ2s,6s〉 = |φLi2s〉 |φCs6s 〉,
both in the electronic ground state with their cores (nu-
cleus and electrons in the inner shells) being separated
by a distance R. The electronic spins of the two active
electrons add to a total spin S = 1.
A. Effective wavefunction
At an internuclear distance R > RLR ≈ 20a0, the
LeRoy radius between the ground state Li and Cs atoms
[34], we approximate the molecular potential between the
two atoms by the van-der-Waals interaction VvdW(R), re-
sulting from an admixture of the excited state |Φ2p,6p〉 =
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Figure 5. (a) The unperturbed atomic WFs of the two lowest
energy states of 6Li and 133Cs. Here r is the distance be-
tween atomic nucleus and valence electron. (b) Log-log plot
of estimated first-order and second-order contributions for γ
at R > 20 a0. γ
(1) shows a R−1 dependence on R while
γ(2) ∝ R−6.
|φLi2p〉 |φCs6p 〉 to the ground-state WF [35, 36]. The molec-
ular ground state is then given by
|Φ;R〉 = |Φ2s,6s〉+
∑
C/R3 |Φ2p,6p〉 (2)
where the sum includes all substates of |Φ2p,6p〉 and the
mixing coefficients C being proportional to the product
of the dipole matrix elements between the ground and
excited state of lithium and cesium, respectively (see the
Appendix VI A for more details). The radial WFs can be
obtained from the open source library ARC [37] and are
depicted in Fig. 5(a) for the two lowest-energy states of
6Li and 133Cs.
B. Spin-rotation coupling
Following the derivation as presented in [38] (see also
[39], where the ss and sr couplings for the X3Σ−g state
of O2 are evaluated), the spin-rotation energy is given
by Eq. (1). It contains two contributions in an effective
Hamiltonian model. The first-order term is simply given
by the direct coupling of the electron’s magnetic moment
to the magnetic field associated with the rotation of the
charged atomic cores. The sr coupling constant then
5reads
γ(1)(R) = −gα2 〈Φ;R|
∑
i,β
S · si
S(S + 1)
Ziβ(zi − zβ)zβ
r3iβ
|Φ;R〉 .
(3)
Here, g is the g-factor of the electron and α is the fine
structure constant. The subscripts i = 1, 2 and β =
Li,Cs denote the two valence electrons and the atomic
cores, respectively. The coordinates are defined in Fig. 4
and S = s1+s2. The effective charges of the atomic cores
seen by the valence electrons, including the shielding of
the nuclear charge by the inner electrons, is taken as
Z2Li = 1.3, Z1Cs = 6.4, and Z1Li = Z2Cs = 1 [40, 41].
Due to the large interatomic separation, the contribution
of the excited state |Φ2p,6p〉 to the first-order sr energy
is negligible within the approximations made here (see
Appendix VI A).
The second-order contribution to the sr energy arises
from the finite electronic orbital angular momentum in-
duced by the rotation of the nuclei, which then under-
goes spin-orbit coupling involving the electronically ex-
cited states admixed to the ground state. The resulting
perturbation to the ground-state energy reads [38]
H(2)(R) =
∑ 〈Φ;R|Heso|Φ2p,6p〉 〈Φ2p,6p|2B(R)L ·N|Φ;R〉
ELi,2p + ECs,6p
,
(4)
where we approximate the excited molecular state with
the atomic one |Φ2p,6p〉 and the sum has to be taken
over all its substates. ELi,2p (ECs,6p) is the energy of
the lithium 2p state (cesium 6p state) referenced to its
atomic ground state. The electronic spin-orbit Hamilto-
nian is given by Heso =
∑
iAi(R) li · si with li (si) the
orbital (spin) angular momentum of the electron i. The
total electronic orbital angular momentum is the sum of
individual ones as L =
∑
i li. From Eq. (4) we derive
the following expression (see Appendix VI A).
γ(2)(R) =
1
2
∑ 〈Φ;R|AL−|Φ2p,6p〉 〈Φ2p,6p|L+|Φ;R〉
ELi,2p + ECs,6p
.
(5)
Here A =
∑
iAi(R)/2 and the spin-orbit coupling con-
stants for the two unpaired electrons Ai(R) are approxi-
mated by their atomic values ALi,2p and ACs,6p.
In Fig. 5(b) we show γ(1) and γ(2) calculated from
Eqs. (3) and (5), respectively, as a function of the inter-
nuclear distance R. Details can be found in the Appendix
VI A. Both the first-order and second-order effects con-
tribute at most on the order of 5 × 10−6 at R > 20 a0,
which gives rise to an energy on the order of 1 kHz, much
smaller than the observed energy splitting of 60 kHz. The
deviation of the simple model presented here from the
experimental observation mainly comes from the second-
order effect, which couples much lower-lying molecular
states strongly at short internuclear distances and thus
dominates. Short-range contributions need to be taken
into account to reproduce the observed triplet structure.
In the following we will present a full cc calculation to
model the FRs in Li-Cs and the results are compared
with our experimental observations.
IV. COUPLED-CHANNEL CALCULATION
A. Hamiltonian
The full Hamiltonian for the cc calculation reads
H = T +
∑
S=0,1
VSPS
+
∑
β
aβ(R)sβ · iβ +
∑
β
µB(gs,βsβ + gi,βiβ) ·B
+
2
3
λ(R)(3S2Z − S2) +
γ
2µR2
S ·N ,
(6)
where T = −∇2/(2µ) is the relative kinetic energy with
the reduced mass µ of the vibrational and rotational mo-
tion. VS are the molecular potential curves of the singlet
ground state X1Σ+ and the triplet one a3Σ+, and PS
their projection operators. S = 0, 1 is the total electron
spin of the atom pair.
The third term in Eq. (6) is the hyperfine coupling
with the electronic sβ and nuclear spins iβ , where the
summation β is performed over the two atoms Li and Cs.
The functions aβ(R) describe the molecular hyperfine
coupling and approach the atomic hyperfine constants
at large internuclear separations R [42]. Because of miss-
ing data of hyperfine splittings of deeply bound levels we
keep aβ at the respective atomic values. The Zeeman
term contains the coupling of the electron and nuclear
spins to the homogeneous external magnetic field B with
the electronic (nuclear) g-factors gs,β (gi,β) and the Bohr
magneton µB .
The last two terms account for the effective ss inter-
action and the sr coupling, respectively. The function
λ(R) in the ss interaction includes both the mDDI and
the second-order so coupling and reads as
λ(R) = −3
4
α2(
1
R3
+ aso1 exp(−b1R) + aso2 exp(−b2R)).
(7)
Here α is the fine-structure constant and asoi and bi are
free parameters to be determined by fitting the experi-
mental double splittings. The sr coupling is used in the
same form as in Eq. (1) with the free parameter γ to be
fitted. Both terms are discussed and compared in detail
in Ref. [22], especially the uniqueness of including the sr
coupling in Eq. (6).
B. Calculation
The cc calculation is performed as described in Repp
et al. [18] with the extended Hamiltonian from Eq. (6),
using atomic hyperfine constants and g-factors of Li and
Cs from Arimondo et al. [43] and atomic masses from
6Table I. Experimental positions Be of the Li-Cs s-, p-, and d-wave FRs and comparison to our current cc calculation δ = Be−Bt.
The kinetic energy used in the cc calculation is specified by a temperature T , which corresponds to the measured temperatures
for the loss-spectroscopy measurements. We assign the good quantum numbers in the closed channel [18] to all the resonances:
the project mF of the total angular momentum F = f + l, G = S + iCs, and the projection mN of the pair-rotation angular
momentum N .
Entrance channel Be (G) δ (G) T (µK) mF f G N mN
Li|1/2,+1/2〉 341.891(19) 0.008 0.3 7/2 9/2 7/2 2 0
⊕ Cs|3,+3〉 375.367a - 0.3 7/2 7/2 7/2 2 0
662.822(16) 0.022 0.43 7/2 9/2 7/2 1 0
663.036(16) 0.016 0.43 9/2 9/2 7/2 1 +1
663.056(16) 0.019 0.43 5/2 9/2 7/2 1 -1
713.632(16) -0.004 0.43 7/2 7/2 7/2 1 0
714.054(16)b 0.003 0.43 9/2 7/2 7/2 1 +1
714.054(16)a -0.006 0.43 5/2 7/2 7/2 1 -1
842.845(5)c -0.006 0.001 7/2 9/2 7/2 0 0
892.655(30) 0.001 0.1 7/2 7/2 7/2 0 0
Li|1/2,−1/2〉 357.920a - 0.3 5/2 9/2 7/2 2 0
⊕ Cs|3,+3〉 388.663(17) 0.005 0.3 5/2 7/2 7/2 2 0
426.137(17) -0.036 0.3 5/2 5/2 7/2 2 0
658.080(19) 0.046 0.43 5/2 9/2 7/2 1 0
658.143(19) 0.040 0.43 7/2 9/2 7/2 1 +1
658.167(19) 0.039 0.43 3/2 9/2 7/2 1 -1
708.663(16) 0.015 0.43 5/2 7/2 7/2 1 0
708.881(16) 0.009 0.43 7/2 7/2 7/2 1 +1
708.901(16) 0.012 0.43 3/2 7/2 7/2 1 -1
764.201(16) -0.021 0.43 5/2 5/2 7/2 1 0
764.622(16)b -0.018 0.43 7/2 5/2 7/2 1 +1
764.622(16)b -0.028 0.43 3/2 5/2 7/2 1 -1
816.128(20) 0.014 0.3 5/2 9/2 7/2 0 0
888.595(5)c -0.005 0.001 5/2 7/2 7/2 0 0
943.020(50) -0.035 0.4 5/2 5/2 7/2 0 0
Li|1/2,+1/2〉 704.49(15) 0.16 2 5/2 9/2 7/2 1 0
⊕ Cs|3,+2〉 704.49(15) 0.08 2 7/2 9/2 7/2 1 +1
704.49(15) 0.05 2 3/2 9/2 7/2 1 -1
896.62(95) 0.72 2 5/2 9/2 7/2 0 0
Li|1/2,−1/2〉 750.06(15) 0.15 2 3/2 7/2 7/2 1 0
⊕ Cs|3,+2〉 750.06(15) 0.06 2 5/2 7/2 7/2 1 +1
750.06(15) 0.04 2 1/2 7/2 7/2 1 -1
853.85(11) 0.06 2 3/2 9/2 7/2 0 0
943.5(1.4) 2.25 2 3/2 7/2 7/2 0 0
a Not observed in the experiment. Instead we give the theoretical resonance position Bt.
b No splitting of mN = ±1 is resolved in the experiment.
c Derived from rf-spectroscopy of the binding energy of Feshbach molecules.
tables by Audi et al. [44]. The precise determination of
FR positions and scattering lengths relies on the knowl-
edge of accurate LiCs molecular potential curves of the
electronic ground states X1Σ+ and a3Σ+. The molec-
ular potentials are expanded in a power series of inter-
nuclear separation R [45]. The coefficients are fitted to
simultaneously reproduce 6498 rovibrational transitions
from laser-induced fluorescence Fourier-transform spec-
troscopy [46] as well as all known Li-Cs FRs (see Table
I). From the calculation we extract the theoretical reso-
nance positions Bt as the peak positions of the two-body
collision rate at a kinetic energy corresponding to the
measured atomic cloud temperature for each resonance.
C. Comparison to measurements
In Table I we give the experimental positions of all the
Li-Cs FRs included in the cc calculation and compare
them to the calculated results. FRs in the entrance chan-
nel Li|1/2,±1/2〉 ⊕ Cs|3,+2〉 are taken from Ref. [18].
The s-wave FRs in the two lowest-energy open channels
Li|1/2,±1/2〉 ⊕ Cs|3,+3〉 are from Ref. [21] and the p-
and d-wave FRs are from current work. The numbers in
brackets give the total uncertainty of the determination
of the resonance positions including both the statistical
and systematic uncertainties. The theoretical resonance
positions Bt are obtained from the cc calculation per-
formed at a relative kinetic energy kBT , according to the
experimentally measured temperature T , and are given
7as deviations δ = Be −Bt.
The measurement of s-, p-, and d-wave FRs is equiv-
alent to a high-precision spectroscopy of the rotational
ladder of the least bound vibrational level and enables
us to refine the long-range part of the molecular ground-
state potentials. With the optimized molecular potential
curves and inclusion of the sr coupling we achieve over
all 32 FRs a total weighted RMS error of 16 mG, which is
an improvement by a factor of two compared to previous
theoretical analysis [47].
All the observed resonances are caused by the least vi-
brational level below the free-atom absolute ground state
(fLi = 1/2 + fCs = 3) at zero magnetic field, which is a
significant triplet-singlet mixture with 〈S〉 ≈ 0.7. At
high magnetic fields, both the projection mf of the total
angular momentum f (excluding N) and the projection
mN of the pair rotation N are good quantum numbers
and hence mF = mf +mN . f and N are also good quan-
tum numbers. Due to the strong Cs hyperfine coupling,
G = S + iCs is good as well.
D. Fitted molecular potential curves
The parametrization of the molecular potentials is de-
scribed for example in Gerdes et al. [45]. The poten-
tials are represented in three parts: the repulsive short-
range part US(R), the intermediate range UI(R) and the
asymptotic long range part UL(R), which are given by
the following expressions:
US(R) = A+
B
Rq
for R < Rs, (8)
UI(R) =
n∑
k=0
dkξ(R)
k for Rs ≤ R ≤ Rl, (9)
with ξ(R) =
R−Rm
R+ bRm
, (10)
and
UL(R) = −C6
R6
− C8
R8
− C10
R10
− ...±Eex for R < Rl, (11)
where the exchange energy is given by
Eex = AexR
γ exp (−βR). (12)
It is negative for the singlet and positive for the triplet
potential. The long range parameter Ci with i > 10 are
used for smooth connection at Rl.
For the deep ground state we fitted an adiabatic Born-
Oppenheimer correction [48] for the simultaneous de-
scription of both isotopes of Li. The correction potential
Ucorr(R) is represented as
Ucorr(R) =
(
1− Mref
M
)
· Uad(R) (13)
Table II. Scattering lengths a for states X1Σ+ and a3Σ+for
the isotoptic combinations of 6Li-133Cs and 7Li-133Cs in units
of Bohr=0.05292 nm.
state a (6Li-133Cs) a (7Li-133Cs)
X1Σ+ 30.147(50) 45.28(30)
a3Σ+ -34.97(15) 846.4(200)
with
Uad(R) =
(
2Rm
R+Rm
)n∑
i
vi·ξ(R)i , i = 0, 1, 2, ... (14)
with Mref being the mass of the selected reference isotope
7Li and n being the power of R in the leading term of
the long range interactions, i.e. n = 6.
The parameters of the refined LiCs singlet and triplet
molecular potential curves are listed in the Appendix (see
Table III). A computer code in FORTRAN for calcu-
lating the potential functions can be found in the sup-
plement of [47]. From the new molecular potentials we
calculate the singlet and triplet scattering lengths for
both Li isotopologues and list them in Table II. They
are slightly different from the former reported values [47]
which reflects the largely extended data set. Because of
missing observation of FRs for 7Li-133Cs, the uncertain-
ties for the corresponding values extrapolated by mass
scaling and Born-Oppenheimer correction are larger in
comparison to the uncertainties in 6Li-133Cs.
The parameters in Eq. (7) describing the second-
order so contribution to ss interaction are fitted to be:
aso1 = −1.99167, b1 = 0.7, and aSO2 = −0.012380,
b2 = 0.28. The sr parameter γ in Eq. (6) has the value
|γ| = 0.000566(50).
V. CONCLUSION
In conclusion, we have experimentally and theoreti-
cally studied p- and d-wave FRs in a Li-Cs mixture. By
employing all known spectroscopic data for the states
X1Σ+and a3Σ+and all measured FRs in our experiment
we have derived new ground-state potentials in a least
squares fit. Limitations in their usage for predicting
molecular levels should be expected because FRs were
only observed for the isotope pair 6Li-133Cs, whereas
laser spectroscopy [46] was mainly performed on the
7Li isotope, and only few data on the state X1Σ+ for
6Li133Cs exist. The extension of the Feshbach data to
7Li-133Cs and the conventional laser spectroscopy cover-
ing the isotopologue 6Li133Cs would be very important to
improve the knowledge of the Born-Oppenheimer correc-
tion which is significant because of the large mass change
of the light Li atom.
We have found a triplet splitting of p-wave FRs at
high magnetic fields for the mN = 0 and mN = ±1
components of the scattering channel. By our cc cal-
culation we have attributed this effect to spin-rotation
8coupling. A simple model to calculate the contribu-
tions to this coupling at large R indicates the dominating
short-range contributions, highlighting the ability of us-
ing FRs to access subtle angular-momentum couplings
and molecular wavefunctions in a diatomic molecule. We
calculated the binding energies for the hyperfine mani-
fold of the levels directly below the atom pair asymp-
tote fLi=1/2+fCs=3 at zero magnetic field and found
that the spin-rotation contribution for rotational angu-
lar momentum up to l = 2 is below 300 kHz and strongly
dependent on the total angular momentum. Measuring
these binding energies with high precision, e.g. with rf-
spectroscopy, would allow one to determine the sign of
this interaction. The extrapolation to higher N values
and especially to more deeply-bound levels will lead to
significant uncertainties because of missing experimental
data in that range.
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VI. APPENDIX
A. Calculations for the simple model
1. Ground state molecular wavefunctions at large R
a. Electron wavefunctions To estimate the WF and
energy of the atom pair at large R (see Fig. 4) in Eq.
(2), we follow the perturbative derivation of the disper-
sion coefficients for the ground-state potentials of bialkali
atoms presented in Ref. [35], which is valid roughly to
the LeRoy radius (RLR ≈ 20 a0) [34].
The first-order correction of the unperturbed ground
state WF |Φ2s,6s〉 involves the states with both atoms
being in their first excited state |Φ2p,6p〉. More explicitly,
the first-order WF reads
|Φ;R〉 = |φLi2s〉 |φCs6s 〉+
∑
m=−1,0,1
c1,m |φLi2p,m〉 |φCs6p,−m〉
(15)
with m denoting the projection of the electronic orbital
momentum. Here, the coefficients are given by
c1,0 = 2c1,±1 ≡ − 2c
3R3
(ELi,2p + ECs,6p)
−1
2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0
1 0 - 4
1 0 - 3
1 0 - 2  c 1 , 0 c 1 , ± 1
|c l,m
|
R  ( a 0 )
Figure 6. Log-log plot of the absolute values of the mixing
coefficients c1,m for the excited state |φLi2p,m〉 |φCs6p,−m〉 with
m = 0,±1. The slopes of the lines are −3 coming from a R−3
dependence (see Eq. (15)).
with c = 〈φLi2p|r|φLi2s〉 〈φCs6p |r|φCs6s 〉 ≈ 24.1, which are plot-
ted in Fig. 6 as a function of R. The second-order contri-
butions are a factor of 10−4 smaller and thus negligible.
The corresponding energy correction is of second-order
and represents the well-known van-der-Waals potential
VvdW = −C6/R6 for two atoms in the ground state with
the coefficient
C6 =
2c2
3(ELi,2p + ECs,6p)
≈ 3210,
which is consistent with the values from our cc calculation
(see Table III) and Refs. [35, 36].
b. Nuclear wavefunction For the last vibrational
state of the LiCs triplet ground state potential a3Σ+, the
inner (Ri) and outer (Ro) turning points are at about 8
and 43 a0, respectively. Using the semi-classicial (WKB)
method [49], at Ri < R < Ro the nuclear wavefunc-
tion ψ(R) is proportional to 1√
p(R)
sin[ 1h¯
Ro∫
R
p(R)dR+ pi4 ],
while it decays exponentially outside this region. Here
p(R) =
√
2µ[Eb − V (R)− N(N+1)2µR2 ] is the local classical
momentum with Eb ≈ −h× 3.4 GHz the binding energy
[47]. The molecular potential V (R) dominates over Eb
and the centrifugal barrier N(N+1)2µR2 in most cases between
the two classical turning points, so p(R) ≈ √−2µV (R).
It can be approximated by the Van-der-Waals poten-
tial VvdW = −C6/R6 at R > RLR, which results in
ψ(R) ∝ R3/2 for RLR < R < Ro.
2. First-order contribution
As drawn in Fig. 4, the magnetic interaction energy of
the electron spins with the electronic and nuclear orbital
9motions is given by [50]
H(1) =
1
2
gα2(
∑
β,i
Ziβvβ × riβ
r3iβ
· si −
∑
i6=j
vi × rji
r3ji
· sj),
(16)
where β represents the atomic cores and (i, j) the (two)
active electrons, Ziβ is the effective nuclear charge of β
seen by the electron i. riα = ri−rα and rji = rj−ri. Due
to the fast oscillatory nature of the electronic motions,
their contributions described by the second term in the
bracket of Eq. (16) average to zero. The nuclear velocity
vβ can be replaced by ω× rβ or NµR2 × rβ , where µ is the
reduced mass and R is the internuclear distance. Then
Eq. (16) reads
H(1) =
gα2
2µR2
∑
β,i
Ziβ(N× rβ)× riβ
r3iβ
· si
= gα2B(R)
∑
β,i
Ziβ
(N · ri)rβ − (rβ · riβ)N
r3iβ
· si,
(17)
Here, we use the fact that N is perpendicular to the
internuclear axis in a diatomic molecule, i.e. N · rβ = 0.
Due to the axial symmetry about the internuclear axis z
in the molecule, any terms containing odd powers of xi
and yi are zero, and Eq. (17) can be further simplified
to
H(1) = −gα2B(R)N ·
∑
β,i
Ziβ
zβ(zi − zβ)
r3iβ
si, (18)
resulting in the dimensionless coupling constant γ(1) in
Eq. 3.
The contributions to Eq. (18) involving the valence
electron of Cs have the form of γ
(1)
Cs B(R)N · s1. At large
R, the molecular WF is approximated by |Φ;R〉 and γ(1)Cs
reads
γ
(1)
Cs (R) = −gα2 〈Φ;R| [
Z1LizLi(−R+ r1Cs cos θCs)
(R2 + r21Cs − 2Rr1Cs cos θCs)3/2
+
Z1CszCs
r21Cs
cos θCs] |Φ;R〉
=
gα2
1 + η
〈Φ;R| [Z1Liη
R
∞∑
n=0
(n+ 1)Pn(cos θCs)(
r1Cs
R
)n +
Z1CsR
r21Cs
cos θCs] |Φ;R〉 ,
(19)
where the coordinates are defined in Fig. 4, Z1Li = 1
and Z1Cs = 6.4, zLi (Cs) =
η
1+ηR (− 11+ηR) with η = 22.1
the mass ratio, and Pn(cos θ) are the Legendre polynomi-
als. Similarly, the contributions involving the Li valence
electron have the form of γ
(1)
Li B(R)N · s2 with
γ
(1)
Li (R) =
gα2
1 + η
〈Φ;R| [Z2Cs
R
∞∑
n=0
(n+ 1)Pn(− cos θLi)(r2Li
R
)n +
Z2LiR
r22Li
cos θLi] |Φ;R〉 , (20)
where Z2Cs = 1 and Z2Li = 1.3.
Taking the WF in Eq. (15), the angular parts of the
integrals in Eqs. 19 and 20 have a general expression of
Il,m;n =
∫
Y m∗l (θ, ϕ)Pn(cos θ)Y
m
l (θ, ϕ)dθdϕ
=
2l + 1
2
∫
P−ml (cos θ)Pn(cos θ)P
m
l (cos θ)dθ .
(21)
Here Y ml (θ, ϕ) = (−1)m
√
2l+1
4pi
(l−m)!
(l+m)!P
m
l (cos θ)e
imϕ are
the spherical harmonics with the associated Legendre
polynomials Pml (cos θ) and only the s (l = 0,m =
0) and p (l = 1,m = 0,±1) states are involved.
One can easily obtain I0,0;n = δn,0, I1,0;n = δn,0 +
2
5δn,2, and I1,±1;n = 1/2(−δn,0 + 25δn,2), which leads
to γ
(1)
Cs (R) = gα
2 η
(1+η)R [1 + |c1,±1|2( 72 + 27〈r
2
1Cs〉
5R2 )] and
γ
(1)
Li (R) = gα
2 1
(1+η)R [1 + |c1,±1|2( 72 + 27〈r
2
2Li〉
5R2 )].
Due to the facts that c1,m  1 and R  r1Cs, r2Li
at large R, the first-order sr coupling constant can be
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approximated as
γ(1)(R) = [γ
(1)
Cs (R) + γ
(1)
Li (R)]/2 ≈
gα2
2R
, (22)
which is plotted as a function of R in Fig. 5(b)
(orange curve). Weighting the R-dependent first-
order sr coupling by the nuclear WF leads to
γ(1)(R)B(R)|Rψ(R)|2 ∝ R2 for R > RLR, the large-R
part dominating the first-order effect in our simple model.
3. Second-order contribution
The second-order effect is due to the combined per-
turbations of the so and orbit-rotation coupling. The
resulting energy shift is expressed in Eq. (4), which can
be rewritten as
H(2)(R) = 2
∑∑
i
〈Φ;R|Aili · si|Φ2p,6p〉 〈Φ2p,6p|B(R)li ·N|Φ;R〉
ELi,2p + ECs,6p
, (23)
where li ·si = (l+i s−i +l−i s+i )/2+lzi szi and li ·N = (l+i N−+
l−i N
+)/2 + lziN
z. To retain the form of γ
(2)
i si · N, the
coupling constant γ
(2)
i for the electron i reads
γ
(2)
i (R) =
1
2
∑ 〈Φ;R|Ail+i |Φ2p,6p〉 〈Φ2p,6p|l−i |Φ;R〉
ELi,2p + ECs,6p
=
Ai
2(ELi,2p + ECs,6p)
f
(24)
with
f =
∑
〈Φ;R|l+i |Φ2p,6p〉 〈Φ2p,6p|l−i |Φ;R〉
=
10c2
9R6(ELi,2p + ECs,6p)2
.
(25)
Thus γ(2)(R) can be estimated as
γ(2)(R) =
1
2
∑
i
γ
(2)
i (R) =
5c2
∑
iAi
18R6(ELi,2p + ECs,6p)3
.
(26)
The numerical result of Eq. (26) based on WFs in Ap-
pendix VI A 1 is plotted versus R in Fig. 5(b). Weighting
the R-dependent second-order sr coupling by the nuclear
WF leads to γ(2)(R)B(R)|Rψ(R)|2 ∝ R−3 for R > RLR,
the small-R part dominating the second-order effect in
our simple model.
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Table III. Potential parameters of the X1Σ+ and a3Σ+ states of LiCs given with respect to the Li(2s)+Cs(6s) asymptote.
X1Σ+ a3Σ+
For R < Rs = 2.652A˚ For R < Rs = 4.345A˚
A -0.1013528 ×105 cm−1 A -0.36140433 ×103 cm−1
B 0.416877623 ×106 cm−1 A˚q B + 0.847547458 ×1010 cm−1 A˚q
q 3.81097 q 11.55385
For 2.652A˚ = Rs ≤ R ≤ Rl = 11.5183A˚ For 4.345A˚ = Rs ≤ R ≤ Rl = 11.5183A˚
b -0.1 b -0.5
Rm 3.66796875 A˚ Rm 5.24804688 A˚
d0 -5875.52991 cm
−1 d0 -309.4623 cm−1
d1 -0.252618710975387017 ×101 cm−1 d1 -0.3642193 cm−1
d2 0.367457215900665178 ×105 cm−1 d2 0.134782215491288798 ×104 cm−1
d3 0.435933198105685460 ×104 cm−1 d3 0.537311993871410536 ×102 cm−1
d4 -0.402453029905940202 ×105 cm−1 d4 -0.464917969357558093 ×103 cm−1
d5 -0.347796521563863062 ×105 cm−1 d5 -0.175749884668625532 ×104 cm−1
d6 0.315821171411499881 ×104 cm−1 d6 -0.370441589928719986 ×105 cm−1
d7 -0.266304026591134665 ×106 cm−1 d7 -0.278341242922687888 ×104 cm−1
d8 -0.181048129129882972 ×107 cm−1 d8 0.457470834692090517 ×106 cm−1
d9 0.914704228273577802 ×107 cm−1 d9 0.177854005800842642 ×105 cm−1
d10 0.543792503606051728 ×108 cm−1 d10 -0.276200432485941378 ×107 cm−1
d11 -0.259549932529230207 ×109 cm−1 d11 0.431748264218297321 ×106 cm−1
d12 -0.105117170881063318 ×1010 cm−1 d12 0.921774583938866295 ×107 cm−1
d13 0.496159149355857754 ×1010 cm−1 d13 -0.348640828981605452 ×107 cm−1
d14 0.129151145791594467 ×1011 cm−1 d14 -0.163264106046121176 ×108 cm−1
d15 -0.659976526444605789 ×1011 cm−1 d15 0.962454228859609924 ×107 cm−1
d16 -0.963897189939636536 ×1011 cm−1 d16 0.120056635752306953 ×108 cm−1
d17 0.614868214102462158 ×1012 cm−1 d17 -0.931029427120562643 ×107 cm−1
d18 0.341835223965027527 ×1012 cm−1
d19 -0.393705919840090967 ×1013 cm−1
d20 0.675695993178769775 ×1012 cm−1
d21 0.165425882904185527 ×1014 cm−1
d22 -0.132394231585170703 ×1014 cm−1
d23 -0.409738756116212656 ×1014 cm−1
d24 0.607920685011780469 ×1014 cm−1
d25 0.412071559575104687 ×1014 cm−1
d26 -0.127770461445448859 ×1015 cm−1
d27 0.376742627231593516 ×1014 cm−1
d28 0.957403474032970469 ×1014 cm−1
d29 -0.940140735588818906 ×1014 cm−1
d30 0.265036457934536914 ×1014 cm−1
For R > Rl = 11.5183A˚ For R > Rl = 11.5183A˚
C6 0.1486670×108 cm−1 A˚6 C6 0.1486670×108 cm−1 A˚6
C8 0.4343228×109 cm−1 A˚8 C8 0.4343228×109 cm−1 A˚8
C10 0.1951222×1011 cm−1 A˚10 C10 0.1951222×1011 cm−1 A˚10
C25 -0.1090612×1027 cm−1 A˚25 C25 -0.421260895×1025 cm−1 A˚25
Aex 0.11330361×106 cm−1 A˚−γ Aex 0.11330361×106 cm−1 A˚−γ
γ 5.0568 γ 5.0568
β 2.2006 A˚
−1
β 2.2006 A˚
−1
For all R
v0 -0.503126 cm
−1
